Introduction
============

Polycrystalline silicon thin films have proven to be of major importance in the semiconductor industry \[[@B1]-[@B4]\]. It is considered an important component of silicon integrated circuit technology and is currently used in a wide range of device application. Although considerable effort has been carried out in the characterization of this material, little work has been performed on nanoscale film thickness. It is expected that a decrease in the film thickness to nanometer scale results in a modification of the energy states in these nanofilms. This is a result of two factors, one due to the large fraction of boundary-atoms to the total number of atoms and second because the core of the nanograins is transformed due to quantum size effect. Recently, preliminary ultrafast carrier dynamic results in these types of thin films \[[@B5]\] reveal various relaxation mechanisms under different growth conditions. As a consequent, the optical properties of these materials in steady state and photoexcited conditions change considerable providing a more applicable picture of these films in photovoltaic applications \[[@B4]\] and optoelectronic devices. The optical properties in steady state conditions for these materials have been recently published \[[@B6]\]. In that work, we reported on the determination of critical points (CPs) in the first Brillouin zone of the band structure for these films with thickness 5--30 nm using spectroscopic ellipsometry giving an important insight of the effect of the film thickness for the tunability of absorption. Based on the extracted CPs from that work, in this article, we report on a comprehensive study of transient photoinduced absorption (PA) of as-grown nanocrystalline silicon films with thickness ranges of 5--30 nm. From this study, we are able to time-resolve the relaxation paths within their complex energy band structure of the nanocrystalline silicon films. The influence of the grain boundaries and the quantum confinement effect due to the nanoscale grain size on the relaxation dynamics is examined in detail.

Experimental Procedure
======================

In this work, the dynamical behavior of as-grown nanocrystalline silicon films following ultrashort pulse excitation is investigated through the temporal behavior of reflectivity and transmission \[[@B7]\]. The source of excitation consists of a self mode-locked Ti:Sapphire oscillator generating 100 fs pulses at 800 nm. A chirped pulsed laser amplifier based on a regenerative cavity configuration is used to amplify the pulses to approximately 1 mJ at a repetition rate of 1 kHz. These ultrashort pulses are used in a pump probe setup where the pump beam is frequency doubled at 400 nm using a non-linear crystal. A half wave plate and a polarizer in front of the non-linear crystal were utilized to control the intensity of the pump incident on the sample. A small part of the fundamental energy was also used to generate a super continuum white light by focusing the beam on a sapphire plate. An ultrathin high reflector at 800 nm was used to reject the residual fundamental light from the generated white light to eliminate the possibility of excitation by the probe light. The white light probe beam is used in a non-collinear geometry, in a pump-probe configuration. Optical elements such as focusing mirrors were utilized to minimize dispersion effect and thus broadening of the laser pulse. The reflected and transmission beams are separately directed onto their respective silicon detectors after passing through a bandpass filter selecting the probe wavelength from the white light. The differential reflected and transmission signals were measured using lock-in amplifiers with reference to the optical chopper frequency of the pump beam. The temporal variation in the PA is extracted using the transient reflection and transmission measurements, which is a direct measure of the photoexcited carrier dynamics within the probing region \[[@B8]\]. In this work, optical absorption fluence of ∼0.5 mJ/cm^2^ has been used to excite the nanocrystalline silicon films and determine its temporal behavior. The estimated photogenerated carrier density was approximately 4 × 10^19^ carriers/cm^3^for the fluence used in this work.

The samples under investigation were very thin as-grown nanocrystalline silicon films with thickness in the range of 5--30 nm fabricated on a quartz substrate using low pressure chemical vapor deposition (LPCVD) of silicon from silane at 610 °C and 300 mTorr. Transmission electron microscopy (TEM) and electron diffraction patterns taken in these nanofilms reveal the crystallinity of them with a grain size that is depended on film thickness. In the *z*-direction the grain size was approximately equal to film thickness, while in the plane (*xy* directions) it was in the range of 5--19 nm in the case of the 5 nm thick film and in the range of 6--32 nm in the case of the 30-nm film \[[@B6]\]. A typical example of our images is shown in Fig. [1](#F1){ref-type="fig"} for the cross-sectional specimen of 5, 15, and 30 nm film thickness, respectively.

![(*Left*) Bright field images from cross-section specimens from the films with nominal thicknesses: (**a**) 5 nm, (**b**) 15 nm, and (**c**) 30 nm, respectively, revealing the evolution of the columnar structure as the thickness increases. The scale in the (**c**) holds for all the images. The real thicknesses are larger than the nominal ones by about 15%. (*Right*) A high resolution TEM image from the 30-nm film is shown. It is obvious the bigger size of nanocrystals in this case](1556-276X-3-1-1){#F1}

Results and Discussion
======================

Figure [2](#F2){ref-type="fig"} shows the temporal behavior for as-grown nanocrystalline silicon films over a range of 300 ps following excitation at*t* = 0 with 3.1 eV and 100 fs pulses. Here, we should point out that measurements were also carried out at carrier densities up to five times less than the above, and still showed similar relaxation rates with a linear peak signal dependence. The three graphs shown in Fig. [2](#F2){ref-type="fig"} depict the typical temporal PA response corresponding to the nanofilms with thickness 5, 15, and 30 nm for various probing wavelengths between 400 and 980 nm. From these results, it is clearly evident the characteristic sharp increase in the absorption followed by a multi-exponential decay towards the equilibrium. The observed rise time corresponds to the time which the photogenerated carriers need to reach the probing energy states lower to the initial excitation level providing the maximum coupling efficiency which results in the maximum induced change in the absorption.

![Normalized transient PA measurements for the nanocrystalline silicon films with thickness (**a**) 5 nm, (**b**) 15 nm, and (**c**) 30 nm. The samples were excited at 3.1 eV and probed at different probing wavelength ranging from 400 to 980 nm](1556-276X-3-1-2){#F2}

Close examination of the required rise time (within the first few picoseconds) reveals a variation with film thickness between 5 and 30 nm. A typical example of this behavior is shown in Fig. [3](#F3){ref-type="fig"} at 450 nm probing wavelength. For the 5-nm film sample, the rise time is estimated to be 1.2 ps whereas for the films of thickness 10--20 nm the rise time is only 600 fs. In addition, it is interesting to note that further increase of the film thickness causes an increase in the rise time (1.5 ps for 25-nm film). This is more obvious at 30-nm film where the rise time is estimated to be ∼25 ps. Based on the extracted CPs \[[@B6]\] this long rise time is attributed to state filling of the occupied surface-related states. This results in a negative contribution to the induced absorption from secondary excitations. Thus, the 25 ps is the estimated time for the photogenerated carriers to move out of these boundary-related states. This result is in agreement with previous degenerated \[[@B9]\] pump-probe measurements where a combination of state filling and PA has been observed at 400 nm with similar delay time at 30-nm film. Here, we should point out that data for the longer probing wavelengths (550--980 nm) show a rise time of approximately 300 fs for all the samples involved in this work.

![Normalized transient PA measurements for the nanocrystalline silicon films with thickness varied from 5 to 30 nm. The samples were excited at 3.1 eV and probed at 450 nm (2.75 eV) with 100 fs pulses](1556-276X-3-1-3){#F3}

Figure [3](#F3){ref-type="fig"} shows the temporal behavior of the films in the first few picoseconds when probing at 450 nm. It is obvious that with decreasing the film thickness we notice a faster carrier relaxation recovery in the first few picoseconds. This behavior occurs up to film thickness of 10 nm. A further decrease in the film thickness results in a substantial slower recovery. We believe this may be attributed to the exciton confinement in the surrounding interface of the formed nanograins due to the small thickness of the material. This results in altering the available decay channels of the photogenerated carriers.

With regards to the long time behavior of the films from the data in Fig. [2](#F2){ref-type="fig"}, one may clearly deduce that the photogenerated carriers have the longest decays at the shortest probing wavelengths. Furthermore, the 30-nm film appears to have the longest recovery compared with the other samples with smaller film thickness. The relaxation dynamics of these nanofilms are rather complex and a fit to the experimental data requires a multi-exponential function. A satisfactory fit (χ^2^ \> 0.99) has been achieved with a minimum of a three exponential decay function for all the data signifying the multiple recombination channels available for the photogenerated carriers in these materials. The faster recombination components observed for the smaller thickness samples may be attributed to the increase of density of boundary-related states with decreasing film thickness.

For a more quantitative analysis, we present the fitting parameters of the three-exponential decay model in Table [1](#T1){ref-type="table"}. From these results, it is obvious that the fast relaxation mechanism becomes more important with increasing probing wavelength for the 5-nm film (see amplitude component represented by parameter-A in Table [1](#T1){ref-type="table"}). With increasing probing wavelengths, the decays appear to be faster. This we believe is attributed to different probing regions of the first Brillouin zone of the band structure of these materials.Here, we should point out that the first two decays (τ~1~, τ~2~) are strongly related with intraband relaxation mechanisms whereas the third slow decay (τ~3~) corresponds to the relaxations from states strongly correlated to the band edge of the materials. Furthermore, the observed decays for the 30-nm film at the shortest probing wavelength appear to be very long, which is attributed to the non-radiative relaxation dynamics of this thicker material approaching the bulk behavior of silicon.

###### 

Fitting parameters obtained from the experimental data of Fig. [2](#F2){ref-type="fig"} using a three exponential decay relaxation model

               450 nm    550 nm   650 nm   980 nm
  ------------ --------- -------- -------- --------
  5-nm film                                
  *A*          0.12      0.42     0.61     0.72
  τ~1~         3.15      2.42     1.02     0.72
  *B*          0.43      0.20     0.24     0.24
  τ~2~         27.20     17.54    9.22     3.78
  *C*          0.44      0.38     0.15     0.04
  τ~3~         439.55    398.5    330.58   255.48
  15-nm film                               
  *A*          0.39      0.38     0.33     0.36
  τ~1~         6.97      1.09     0.44     0.70
  *B*          0.15      0.23     0.46     0.56
  τ~2~         47.59     21.81    8.66     7.61
  *C*          0.46      0.39     0.21     0.08
  τ~3~         981.40    709.59   542.46   237.27
  30-nm film                               
  *A*          0.12      0.27     0.35     0.57
  τ~1~         137.57    0.45     0.41     0.68
  *B*          0.34      0.25     0.38     0.34
  τ~2~         1998.83   16.39    8.05     7.27
  *C*          0.54      0.48     0.27     0.09
  τ~3~         2258.35   968.06   816.28   336.30

Conclusions
===========

We have investigated carrier dynamics in as-grown nanocrystalline silicon film with thickness in the range of 5--30 nm using non-degenerate pump-probe configuration. An observed long initial rise of the PA for the thicker films agrees well with the existence of boundary-related states acting as fast traps. Transient PA measurements reveal information about the relaxation dynamics within the complex band structure of these nanofilms. With decreasing the thickness of material, the relaxation dynamics become faster since the density of boundary-related states increases. Furthermore, probing with longer wavelengths we are able to time-resolve optical paths with faster relaxations. This fact is strongly correlated with probing in different points of the first Brillouin zone of the band structure of these materials.
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